Development of resistance to chemotherapy is a major obstacle in extending the survival of patients with cancer. Although originally defined as an immune checkpoint molecule, B7-H1 (also named as PD-L1 or CD274) was found to play a role in cancer chemoresistance; however, the underlying mechanism of action of B7-H1 in regulation of chemotherapy sensitivity remains unclear in cancer cells. Here we show that development of chemoresistance depends on an increased activation of ERK in cancer cells overexpressing B7-H1. Conversely, B7-H1 knockout (KO) by CRISPR/Cas9 renders human cancer cells susceptible to chemotherapy in a cell-context dependent manner through a reduced activation of p38 MAPK. B7-H1 was found to associate with the catalytic subunit of DNAdependent protein kinase (DNA-PKcs) and this association promoted or maintained the activation of ERK or p38 MAPK in cancer cells. Importantly, we found that targeting B7-H1 by anti-B7-H1 monoclonal antibody (H1A) increased the sensitivity of human triple negative breast cancer cells to cisplatin therapy in vivo. Our results suggest that targeting B7-H1 by an antibody capable of disrupting B7-H1 signals may be a new approach to sensitize cancer cells to chemotherapy.
Introduction
Although several molecular mechanisms have been identified to contribute to cancer chemoresistance [1, 2] , the role of immune checkpoint molecules in the development of cancer chemoresistance has not been fully recognized. Traditionally, the emergence of chemoresistance and immunoresistance are considered as parallel and unrelated events. Although originally defined as immune checkpoint molecules, B7-homolog 1 (B7-H1) (also named as PD-L1 or CD274) and B7-homolog 3 (B7-H3) are also able to render cancer cells resistant to chemotherapy [3, 4, 5] . Elevated expression of B7-H1 is predictive of an aggressive disease course, including increases in rates of disease progression and cancer-related mortality in a variety of cancers (ovary, breast, liver, pancreas, esophagus, colon lung and mesothelioma) [6, 7, 8] . Even though the poor prognosis of B7-H1 expressing cancers has been attributed to the immune-suppressive function of B7-H1, the emerging role of B7-H1 in cancer chemoresistance may provide a new mechanism responsible for poor clinical outcomes in patients with B7-H1 expressing cancer cells.
It has been previously observed that the overexpression of B7-H1 confers chemoresistance in human multiple myeloma and breast cancers [3, 4] , while B7-H1 knockdown in human lymphoma and breast cancer cells renders them sensitive to chemotherapeutic drugs [4, 9] . In this regard, the combination of B7-H1 antibody with chemotherapy has demonstrated promising synergistic therapeutic effects in clinical trials [10, 11, 12] . These studies clearly indicate a therapeutic potential of targeting B7-H1 in cancer chemotherapy, however the mechanism by which B7-H1 governs cancer sensitivity to chemotherapy remains unclear. In this report, we examined the function of B7-H1 in regulation of drug sensitivity of cancer cells using B7-H1 overexpression and knockout models in vitro and in vivo. We report that overexpression of B7-H1 leads to an increased activation of extracellular signalregulated kinases1/2 (ERK1/2) in cancer cells through an association with DNAdependent serine/threonine protein kinase catalytic subunit (DNA-PKcs), and B7-H1 knockout by CRISPR/Cas9 renders tumor cells susceptible to chemotherapy in a cell-context dependent manner through reduced activation of p38 MAPK (mitogen-activated protein kinase) pathway. Our results provide new insights into the B7-H1-mediated cancer chemoresistance and suggest that targeting B7-H1 (PD-L1) with an antibody may represent a new approach to overcome chemoresistance in human cancer.
Results

B7-H1 overexpression renders cancer cells resistant to chemotherapy
To explore how B7-H1 affects sensitivity to chemotherapy in cancer cells, we transfected a B7-H1 negative human melanoma cell line (624mel) with a full-length human B7-H1 cDNA construct [13] . The B7-H1 cDNA transfected and mocktransfected 624mel cells were confirmed by confocal microscopy ( Fig. 1A ) and flow cytometry (Fig. 1B) for their B7-H1 expression. B7-H1 protein was found to be located both on the cell membrane and in the cytoplasm of the transfected melanoma cells, whereas both PD-1 and CD80 (two receptors of B7-H1) were not detected in the same melanoma cells (Fig. 1B) . The overexpression of B7-H1 did not affect the proliferation of transfected melanoma cells as their cell growth pattern and Ki67 (a nuclear marker for cell proliferation) expression were comparable with mock-transfected cells (Fig. 1C, D) .
To determine whether B7-H1 overexpression specifically regulates the sensitivity toward certain types of chemotherapy, we compared the growth and survival of B7-H1/624mel cells with Mock/624mel cells after treatments with paclitaxel (Taxol, targeting microtubules and blocks mitosis) or cisplatin (crosslinks DNA to stop replication of DNA). After 72 hours of in vitro treatment, the viabilities of melanoma cells were measured using an MTS assay [14] . We found that B7-H1/624mel cells were more resistant to paclitaxel (Taxol) and cisplatin compared to Mock/624mel cells (Fig. 1E) . Since a mechanism of action of most cytotoxic drugs is to induce apoptosis [15, 16] , we measured and compared the apoptosis of B7-H1/624mel and Mock/624mel cells after treatment with paclitaxel. Apoptosis was measured by the binding of Annexin V (AV) and the levels of tetramethylrhodamine ethyl ester (TMRE, a marker for mitochondria membrane potential) [17] . B7-H1/624mel cells had 1.5-fold less apoptotic cells compared to Mock/624mel cells following the treatment with paclitaxel (Fig. 1F) . The level of active caspase-3 (a key executive molecule of apoptosis) was also lower in B7-H1/624mel cells compared with Mock/ 624mel cells (Fig. 1G) . Our results suggest that B7-H1 overexpression renders cancer cells resistant to paclitaxel or cisplatin by reducing their potential for apoptosis. and intracellular staining for active caspase-3 (G). Numbers of independent experiments (n ¼ 6 in C, n ¼ 4 in D). *P < 0.05, **P < 0.01 compared between Mock/624mel cells and B7-H1/624mel cells.
B7-H1 knockout renders cancer cells susceptible to chemotherapy
To examine whether knocking out endogenous B7-H1 would affect the sensitivity to chemotherapy in cancer cells, we took the B7-H1 positive human triple negative breast cancer cell line MDA-MB-231 and produced a B7-H1 bi-allelic knockout (KO) subclone by introducing CRISPR/Cas9 constructs carrying a guide RNA (gRNA) sequence specific to human B7-H1 exon 3. The absence of B7-H1 in MDA-MB-231 cells was confirmed by genotyping, confocal microscope, flow cytometry and Western blotting (Fig. 2AeC) . We also confirmed that MDA-MB-231 cells did not express B7-H1 receptors PD-1 and CD80 (Fig. 2C) . We then compared the sensitivity of B7-H1 WT and KO MDA-MB-231 cells to cisplatin.
We found that B7-H1 KO MDA-MB-231 cells were significantly more sensitive to the treatments of cisplatin compared with WT cells (Fig. 2D) . To confirm the role of B7-H1 in drug sensitivity, we transfected B7-H1 in B7-H1 KO MDA-MB-231 cells and found the restored expression of B7-H1 reduced drug sensitivity of B7-H1 KO MDA-MB-231 cells (Fig. 2E) . Accordingly, we found cisplatin induced more apoptosis and activated caspase-3 in B7-H1 KO MDA-MB-231 cells than in WT cells (Fig. 2FeG) . Of note, B7-H1 WT and KO MDA-MB-231 cells had similar growth in vitro (Fig. 2HeI ) and in vivo in immune deficient mice (Fig. 2J ).
To test whether targeting B7-H1 by antibody would affect their sensitivity to chemo- (Fig. 2K) , suggesting B7-H1 antibody did not have any off-target effects. We conclude that targeting B7-H1 expression with a B7-H1-specific antibody may increase the sensitivity of breast cancer to cisplatin.
To validate the function of B7-H1 in other cancer cells, we produced B7-H1 KO human kidney 786-0 cancer cells and B7-H1 KO human lung A549 cancer cells (Fig. 3A) . While parent 786-0 cancer cells expressed more B7-H1 than the parent A549 cancer cells, B7-H1 KO increased cisplatin susceptibility in B7-H1 KO 786-0 cells but not in B7-H1 KO A549 cells compared with their WT cells (Fig. 3B) . On the other hand, although B7-H1 expression was different between wild type MDA-MB-231 and MDA-MB-157 (both are triple negative breast cancer To further determine the cell-specific role of B7-H1 in rendering chemoresistance in vitro and in vivo, we produced B7-H1 KO mouse breast cancer cells lines from B7-H1 KO/NeuT mice that spontaneously generate Her2 expressing breast cancers but do not express B7-H1 (Fig. 4A) . From the grown out breast cancers, we established Her2 expressing breast cancer cell lines with (WT/5C) or without (KO/31A) B7-H1 expression (Fig. 4B) . The presence or absence of B7-H1 expression was confirmed by flow cytometry (Fig. 4C) . Interestingly, we found B7-H1 KO 31A cells are more susceptible to the treatment of paclitaxel, but not to cisplatin, than B7-H1 WT 5C cells in vitro and in vivo (Fig. 4D, E) . Collectively, our studies suggest that B7-H1 renders cancer cell resistance to chemotherapy in the context of cell type and drug selection. 
B7-H1 is required for DNA-PKcs to promote or maintain the activation of ERK/MAPK pathway in cancer cells
The absence of PD-1 and CD80 (two B7-H1 receptors) expression in human 624mel
and MDA-MB-231 cells excluded the possibility of ligand/receptor (B7-H1/PD-1 or B7-H1/CD80) mediated cell signaling in cancer cells (Figs. 1B and 2C). This prompted us to examine whether other intracellular pathways could be used by B7-H1 to regulate the drug sensitivity of these tumor cells. Since we previously found B7-H1 associated with DNA-PKcs in human primary T cells [18] , we examined whether B7-H1 would associate with DNA-PKcs in cancer cells. To that end, we performed immunoprecipitation (IP) and Western blotting using anti-B7-H1 antibody (5H1-A3 clone) or anti-DNA-PKcs antibody on lysates from B7-H1 expressing tumor cells B7-H1/624mel and Karpas 299 (human lymphoma expressing B7-H1). When the blot was probed with anti-DNA-PKcs, we identified a DNA-PKcs band in IP samples immunoprecipitated with anti-B7-H1 antibody but not with isotype control antibody (Fig. 5A) . Conversely, when the blot probed with anti-B7-H1 antibody, a B7-H1 band was readily identified in IP samples immunoprecipitated with anti-DNA-PKcs antibody (Fig. 5A) . The specificity of IP antibody to B7-H1 (clone 5H1-A3) was confirmed by Western blot with another B7-H1 antibody (clone E1L3N) (Fig. 5A ). In addition, we identified the endogenous association of B7-H1
and DNA-PKcs in MDA-MB-231 breast cancer cells (Fig. 5B) . Interestingly, a DNA-PKcs inhibitor (NU7026) that inhibits the catalytic activity of DNA-PKcs, abolished the association of DNA-PKcs and B7-H1 in MDA-MB-231 cells (Fig. 5B) , suggesting the association is dependent on DNA-PKcs activity.
Since chemotherapy may change the location of B7-H1 in cancer cells [4] , we examined the subcellular localization of B7-H1 and DNA-PKcs before and after treatment with chemotherapy in MDA-MB-231 cells. Before chemotherapy we found DNAPKcs mainly localized to the nuclei while B7-H1 (endogenous or transfected) was mainly localized in the cytoplasm but was also seen on cell membranes (Figs. 5C, D and 6A). After cisplatin treatment, B7-H1 accumulated at the perinuclear and intranuclear areas where B7-H1 partially co-localized with DNA-PKcs (Fig. 5C ).
The co-localization of B7-H1 and DNA-PKcs was confirmed with Z-section imaging at perinuclear areas (Fig. 5D ). Similar to a previous report [4] , we observed that doxorubicin induced B7-H1 translocation in MDA-MB-231 cells, and the nuclear co-localization of B7-H1 and DNA-PKcs was reduced upon treatment with the DNA-PKcs inhibitor NU7026 (Fig. 6B) . However, MDA-MB-231 KO cells were modestly sensitive to the cytotoxic effects of doxorubicin compared with wild type cells (Fig. 6C, D) . Although B7-H1 was originally defined as a transmembrane protein mainly on cell surface of cancer cells [19] , our new data suggest that chemotherapy may cause B7-H1 translocation or redistribution into nuclei where B7-H1 will associate with DNA-PKcs.
Although DNA-PKcs is mainly involved in DNA damage repair, it also activates MAPK/ERK signaling pathways to promote cell survival [20, 21] . In this regard, we examined whether B7-H1 would affect the activation of MAPK/ERK pathway through DNA-PKcs. First, we screened and compared the phosphorylated proteins (phospho-proteins) involved in the MAPK/ERK pathway between B7-H1/624mel cells and Mock/624mel cells using antibody arrays (R&D Systems). Among 26 phospho-proteins, we found phospho-ERK1/2, phospho-RSK1/2 (downstream targets of ERK pathway), phospho-p38 MAPK and phospho-mTOR significantly increased in B7-H1/624mel cells compared with Mock/624mel cells (Fig. 7A ).
The increase of phosphorylated ERK1/2 in B7-H1/624mel cells was confirmed by
Western blotting and intracellular flow cytometry. Our data showed a >2-fold increase of phospho-ERK1/2 in B7-H1/624mel compared with Mock/624mel cells, while the total ERK levels remained comparable between these two melanoma cell lines (Fig. 7B, C) . In line with other reports about the role of B7-H1 in activation of PI3K/mTOR pathway [22] , our studies extended the essential role of B7-H1 to the activation of ERK1/2 and p38 MAPK in cancer cells.
To examine whether the activation of ERK1/2 is dependent on the association of DNA-PKcs and B7-H1, we treated melanoma cells with a DNA-PKcs specific inhibitor (NU7026) that can abolish the association of DNA-PKcs and B7-H1 as shown in
Figs. 5B and 6B. The results of Fig. 7D show that NU7026 dramatically decreased (w2-fold) the activation of ERK1/2 in B7-H1/624mel cells but not in Mock/624mel cells. To examine the consequences of increased activation of ERK1/2, we measured the expression of survivin, an anti-apoptotic molecule and a downstream target of ERK1/2 [23] . We found that the expression of survivin was significantly increased in B7-H1/624mel compare with Mock/624mel cells (Fig. 7E ). NU7026 dramatically decreased the expression of survivin in both B7-H1/624mel cells and Mock/624mel cells in a dose dependent way, however the decrease of survivin expression was more significant in Mock/624mel cells than in B7-H1/624mel cells (47% vs. 23%, Fig. 7F ). Our data suggest that overexpression of B7-H1 may work through DNA-PKcs to promote ERK activation that results in an elevated survivin expression in cancer cells.
Besides the B7-H1 overexpression model, we examined the activation of ERK/ MAPK pathway in B7-H1 KO cancer cells. In contrast to 624mel melanoma cells with B7-H1 overexpression, B7-H1 KO MDA-MB-231 breast cancer cells expressed comparable levels of phospho-ERK1/2 as B7-H1 WT cells, but expressed lower levels of phospho-p38 MAPK as shown by Western blot (Fig. 8A) . The quantitative levels of phospho-ERK and phospho-p38 MAPK were confirmed with flow cytometry assays that demonstrated less activation of p38 MAPK in B7-H1 KO cancer cells compared with WT cells (Fig. 8B) . To examine whether the activation of p38 MAPK is dependent on the association of B7-H1 and DNA-PKcs, we measured the phospho-p38 MAPK in the presence of NU7026. Interestingly, DNA-PKcs inhibitor NU7026 significantly reduced the activation of p38 MAPK in B7-H1 WT MDA-MB-231 cells (WT/NU7026), but not in B7-H1 KO MDA-MB-231 cells (KO/NU7-26) (Fig. 8C) . Our results suggest that B7-H1 may be required for DNA-PKcs to promote or maintain the activation of p38 MAPK in breast cancer cells. As a consequence of decreased activation of p38 MAPK, we found reduced expression of Bcl-2 (a pro-survival molecule regulated by p38 MAPK) [24] in B7-H1 KO MDA-MB-231 cells compared to wild type cells (Fig. 8D) . The decreased levels of Bcl-2 may explain why B7-H1 KO MDA-MB-231 cells were more susceptible to cisplatin-induced apoptosis compared with WT MDA-MB-231 cells. Since DNA-PKcs or p38 MAPK inhibitors did not change the expression of B7-H1 in these cancer cells (Fig. 8E) , it seems that both of DNA-PKcs and p38 MAPK are downstream targets of the signaling pathway of B7-H1 in cancer cells.
Discussion
In this report we found that B7-H1 promotes cancer survival by cell-context dependent activation of ERK or MAPK pathway through association with DNA-PKcs (Fig. 9) . The cancer cell-intrinsic pro-survival function of B7-H1 may contribute to cancer chemoresistance. Not only did CRISPR/cas9-mediated B7-H1 knock out render cancer cells to be more sensitive to chemotherapy, but targeting B7-H1
with a monoclonal antibody also sensitized cancer cells to chemotherapy. Thus, our results provided new insights to the action of B7-H1 in cancer cell survival and chemoresistance, and supports a new approach to improve the efficacy of cancer chemotherapy.
Although B7-H1 was originally defined as a ligand of PD-1 expressed by T cells [25] , recent studies suggest that B7-H1 can regulate cancer cell metabolism and growth through PD-1 [26, 27] . Ligation of B7-H1 by antibody causes B7-H1 internalization [26] and disrupts the role of B7-H1 in maintenance of Akt/mTOR signaling [27] . Clark et al showed B7-H1 sensitizes mouse melanoma cells to pharmacologic autophagy inhibitors in vivo [22] . In contrast to these studies using PD-1 positive cancer (most of them are melanoma) cells, we explored the downstream signaling pathway of B7-H1 in melanoma and breast cancer cells that do not express PD-1 or CD80 (two receptors of B7-H1). In our models, we unraveled a new signaling pathway of B7-H1 within cancer cells, i.e. the DNA-PKcs/ERK/MAPK pathway that may promote cancer cell survival and chemoresistance. In association with DNA-PKcs, B7-H1 increased activation of ERK in melanoma cells and maintained the activation of p38 MAPK in triple negative breast cancer cells.
DNA-PKcs localizes to the nucleus where it regulates DNA damage repair in response to cytotoxic drugs [28] . In addition, the role of DNA-PKcs in cell survival has been identified in activation of ERK and AKT in the nucleus or cytoplasm [20, 21] . We found that upon treatment with chemotherapy, B7-H1 accumulated in the nuclei where B7-H1 formed an association with DNAPKcs. The accumulation of B7-H1 in the nuclei of cancer cells suggest that B7-H1 may transmit signals to nucleus for cell stress management through DNA-PKcs that is involved in both DNA damage repair and signal transduction. In this regard, the activation of ERK and p38 MAPK seems function as downstream signal molecules of DNA-PKcs.
B7-H1emediated cancer chemoresistance seems to be cell-context dependent according to drug selection. We found that knocking out B7-H1 sensitized cancer cells to chemotherapy in some cancer cells (MDA-MB-231 and 786-0) but not in other cancer cells (A549). It is possible that higher expression of B7-H1 by MDA-MB-231 and 786-0 cells may increase the threshold of apoptosis by the activation of p38 MAPK pathway along with a high level of Bcl-2 [24] . Accordingly, disruption of B7-H1 expression in these cancer cells would reduce the threshold of apoptosis and render cancer cells more susceptible to chemotherapy. In line with this hypothesis, we showed that B7-H1 KO human breast cancer cells are more sensitive to chemotherapy and undergo a high rate of apoptosis. Thus, high expression of B7-H1 by certain cancer cells seems to be a sign of their "apoptosis-primed" status in which B7-H1 is used to counteract intrinsic or external pro-apoptosis signals. This may explain why in cancer cells with low or absent B7-H1 expression, the knocking out of B7-H1 did not significantly affect their sensitivity to chemotherapy as these cancer cells may not be "apoptosis-primed".
As ERK activation plays key roles in cell survival and drug resistance [29, 30] , the increased ERK activation in B7-H1 overexpressing melanoma cells may explain why these cancer cells are more resistant to chemotherapy. However, ERK activation is not always dependent on the expression of B7-H1. We found B7-H1 KO was not able to reduce the activation of ERK in MDA-MB-231 breast cancer cells.
The reason could be that MDA-MB-231 cells harbor mutant ras that leads to a high activation of ERK [31] although MDA-MB-231 cells constitutively express high levels of B7-H1. Accordingly, although MDA-MB-231 cells express higher levels of B7-H1 than MDA-MB-157 cells (a human triple negative breast cancer cell line) [32] , both of them demonstrated similar sensitivity to cisplatin in vitro. Besides their different B7-H1 expression, these two cell lines have multiple different gene mutations in p53 and RB pathways that also regulate sensitivity to chemotherapy [33, 34] . In this regard, B7-H1 expression alone may not be able to predict chemoresistance as multiple factors are responsive for drug resistance in cancer cells. However, our results support the therapeutic potential of targeting B7-H1
to promote the efficacy of chemotherapy in cancer cells that express B7-H1. In fact, we found that B7-H1 antibody (H1A) sensitized human breast cancer cells to cisplatin in vivo, suggesting B7-H1 antibody may disrupt B7-H1 signals in cancer cells along with blocking B7-H1 and PD-1 interaction that suppress antitumor immunity.
In summary, our studies identify a pro-survival function of B7-H1 in cancer cells. were cultured in RPMI 1640 medium (Cellgro) and supplemented as described previously [13] . Cells were cultured in a 37 C humidified chamber at 5% CO 2 . Chemotherapy drugs were purchased form Mayo Pharmacy or Sigma.
B7-H1 transfection and knockout
Human B7-H1 was knocked-out by CRISPR/Cas9 technology. The guide sequence (5 0 -ATTTACTGTCACGGTTCCCA-3 0 ) specific to human B7-H1 exon 3 (second coding exon), designed using CRISPR DESIGN tool (http://crispr.mit.edu) and cloned into px458 plasmid coexpressing GFP (Addgene, #52961). Thirty-six hours after transfection, cells were sorted for GFP and sub-cloned using flow cytometry. Two weeks later, single cell subclones were genotyped by PCR and validated Western blotting for B7-H1 protein depletion. B7-H1 expression level was determined by flow cytometry and Western blotting. were mounted with SlowFade Gold antifade reagent with DAPI (Invitrogen) and cured for 24 hrs in dark at RT. Nail-polish sealed coverslips were visualized using a Zeiss LSM 510 confocal microscope. The two-dimensional Z-section images were acquired and performed using a Zeiss ELYRA super-resolution structured illumination microscopy.
Immunofluorescence staining
MTS cytotoxicity assay
1 Â 10 4 cells were seeded into 96-well plates and chemo-drug was applied.
Following 72-hour incubation, 20 ml/well CellTiter 96 Aqueous One Solution Reagent (Promega) was added. After 2 hours of incubation, absorbance at 490 nm was recorded using an ELISA plate reader. Control and all concentrations of drug were assayed in triplicate, and the absorbance at each drug concentration was normalized relative to that of untreated controls. Conjugate) (Cell Signaling #4412) for 30 min at room temperature. To inhibit the activity of DNA-PKcs, NU7026 (Selleckchem #S2893) was added at 1 or 10 mM in cell culture an hour before analysis. To inhibit the kinase activity of p38 MAPK, SB203580 (Cell Signaling #5633) was added at 10 mM in cell culture. The intracellular levels of ERK or p38 MAPK activation was analyzed by flow cytometry.
Flow cytometry analysis
Immunoprecipitation (IP), Western blotting and Mass spectrometry
Immunoprecipitation of endogenous proteins that may be associated with B7-H1 was performed using B7-H1/624mel and B7-H1 positive Karpas-299 cells (a human 
Animal studies
Both B7-H1 WT and KO MDA-MB-231 cells were subcutaneously injected into NOD SCID mice (Jackson lab) at 2 Â 10 6 cells per mouse. Cisplatin was administrated intraperitoneally (i.p.) at 5 mg/kg for 2 doses on days 7 and 13. Anti-human B7-H1 monoclonal antibody (clone H1A, produced at Dong lab) [18] 
Statistical analysis
Mann-Whitney test or unpaired two-side t test was used to compare phenotype between independent groups (treatments) or cell populations. The drug cytotoxicity assay was analyzed by the area under curve between the control cell lines and the tested drugs was calculated between cancer cell lines. The therapeutic effects of chemotherapy were analyzed by two-way ANOVA because two independent factors (B7-H1 phenotype or drug treatment) were analyzed. All statistical analyses were performed using GraphPad Prism software 5.0 (GraphPad Software, Inc., San Diego, CA). A P value < 0.05 was considered statistically significant.
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